Spinocerebellar ataxia type 2 is an inherited neurodegenerative disorder that is caused by an expanded trinucleotide repeat in the SCA2 gene, encoding a polyglutamine stretch in the gene product ataxin-2. Although evidence has been provided that ataxin-2 is involved in RNA metabolism, the physiological function of ataxin-2 remains unclear. Here, we demonstrate that ataxin-2 interacts with two members of the endophilin family, endophilin-A1 and endophilin-A3. To elucidate the physiological implications of these interactions, we exploited yeast as a model system and discovered that expression of ataxin-2 as well as both endophilin proteins is toxic for yeast lacking the SAC6 gene product fimbrin, a protein involved in actin filament organization and endocytotic processes. Intriguingly, expression of huntingtin, another polyglutamine protein interacting with endophilin-A3, was also toxic in Dsac6 yeast. These effects can be suppressed by simultaneous expression of one of the two human fimbrin orthologs, L-or T-plastin. Moreover, we have discovered that ataxin-2 associates with L-and T-plastin and that overexpression of ataxin-2 leads to accumulation of T-plastin in mammalian cells. Thus, our findings suggest an interplay between ataxin-2, endophilin proteins and huntingtin in plastin-associated cellular pathways.
INTRODUCTION
Spinocerebellar ataxia type 2 (SCA2) is an autosomal dominant cerebellar ataxia, which is characterized by a severe loss of neuronal cells leading to uncoordinated gait, slow saccadic eye movement, peripheral neuropathy, intellectual impairment and dementia (reviewed in 1). SCA2 occurs with a frequency of 10-15% within the autosomal dominant cerebellar ataxias (2) . However, the prevalence of SCA2 varies between countries and is fairly widespread in the UK and South Italy with 47% of all autosomal dominant spinocerebellar ataxia cases diagnozed as SCA2 followed by India with 44% (3, 4) . The gene causative of SCA2 was discovered in 1996 and is transcribed in neuronal as well as non-neuronal tissues (5 -7) . Although the majority of normal alleles contain a stretch of 22 CAG codons that is commonly interrupted by two CAA codons, disease alleles are characterized by an extended, generally uninterrupted stretch of 32 or more CAG codons (5 -9) . Consequently, SCA2 has been classified into the family of polyglutamine disorders, which includes Huntington's disease, spinobulbar muscular atrophy, dentatorubral pallidoluysian atrophy and spinocerebellar ataxias 1, 3, 6, 7 and 17 (1,10 -15) .
In most polyglutamine disorders, intranuclear and/or cytoplasmic aggregates have been observed in the degenerating neurons of the respective brain regions, although the relevant polyglutamine proteins are ubiquitously expressed (discussed in 16 and 17) . However, the formation of nuclear/cytoplasmic inclusions does not obligatorily correlate with the pathology in SCA2; aggregates were only rarely detected in the cerebellar lesions in mouse and human, although aggregates have been observed in a small subset of neurons in other affected brain regions (18 -20) . Instead, immunohistological and biochemical studies demonstrated that the expression of the SCA2 # The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org gene product, ataxin-2 (ATX2), is significantly higher in brains of SCA2 patients when compared with brains of healthy individuals indicating that an increase in intracellular ATX2 concentration may correlate with disease progression (18, 21) .
Yet the physiological function of ATX2, which is located in the cytoplasm and found to localize to the trans-Golgi network (22) , remains unclear. However, it has been proposed that ATX2 might function in RNA metabolism. Shibata et al. (23) discovered by yeast-two-hybrid analyses an interaction between ATX2 and A2BP1 (ATX2 binding protein 1), which contains an RNA-recognition motif frequently found in RNA-binding proteins (24) . In addition, ATX2 interacts with the cytoplasmic poly(A)-binding protein (PABP) (25) that functions in translation initiation and mRNA decay regulation and forms part of the so-called stress granules (26, 27) . These granules arise in mammalian cells because of environmental stresses such as oxidative stress or UV irradiation and may well represent sites for degradation or storage of untranslated mRNAs (27) . Immunofluorescence studies have demonstrated that ATX2 is a component of stress granules as well (25) . Nevertheless, further investigations into the cellular role of ATX2 are required to explore and to elucidate the cellular networking of ATX2.
RESULTS

ATX2 interacts with members of the endophilin-A family
To perform a comprehensive yeast-two-hybrid analysis, we have generated constructs encoding four different LexA -ATX2 fusion proteins, which together cover the entire ATX2 protein with a molecular mass of 140 000 (5 -7,19) . The ATX2 regions that have been selected are shown schematically in Figure 1A (left panel). We chose a N-terminal region of ATX2 consisting of amino acids 1-396 because an N-terminal protein fragment of similar size was found in human and mouse brains (18, 19, 21) . Furthermore, an acidic region of ATX2 encompassing amino acids 280-480 was subcloned (19) . The C-terminal fragment of ATX2 (amino acids 816 -1312) applied in this study was selected, because it has been successfully used for the isolation of interacting partner proteins in earlier studies (23, 25) . Finally, to cover the whole ATX2 protein, we have generated an additional fusion construct encoding amino acids 481 -815 of ATX2.
In the initial step, we tested whether the different ATX2 bait proteins per se might activate the reporter genes as described in Materials and Methods. We observed that the expression of fusion protein LexA -ATX2 280 -480 by itself activated the reporter genes URA3, HIS3 and LacZ (data not shown), and consequently, it was not used for further yeasttwo-hybrid screens. Next, yeast cells expressing the fusion proteins LexA -ATX2(Q22) 1 -396 , LexA -ATX2 481 -815 or LexA -ATX2 816 -1312 were mated with an array of 5760 prey strains. Diploid yeast clones were selected and analyzed for activity of the reporter genes. Once activation of the reporter genes was observed, mating between the respective bait and prey clones was performed again. As outcome of this procedure, we have isolated, for each ATX2 bait protein, one potential interacting prey protein.
To verify the results from the mating screen, we co-transformed the relevant bait and prey constructs in the haploid yeast strain L40ccua. We found that the potential interaction observed for bait protein LexA -ATX2 816 -1312 could not be confirmed in this background (data not shown). However, in the case of the bait proteins LexA -ATX2(Q22) 1 -396 and LexA -ATX2 481 -815 , the putative interaction could be confirmed as indicated by the activity of all three reporter genes. Interestingly, a subsequent sequence analysis identified that both prey constructs encoded the protein endophilin-A3 (SH3GL3, SH3P13, CNSA3) (Fig. 1A, right panel) . To verify that the interaction between ATX2 and endophilin-A3 is specific, yeast co-expressing fusion proteins AD-endophilin-A3 (AD-end-A3) and the proteins LexA or LexA -ATX2 816 -1312 were included in our yeast-two-hybrid analysis. We discovered that in both cases yeast did not exhibit activity of the reporter genes. Additionally, ataxin-3, a polyglutamine protein implicated in spinocerebellar ataxia 3, was included as an unrelated bait protein.
No interaction between ataxin-3 and AD-end-A3 was observed in the yeast-two-hybrid system (data not shown), demonstrating that the observed interaction between ATX2 and endophilin-A3 is specific.
As endophilin-A3 binds to the N-terminal region of ATX2, we examined in the next step whether this interaction is affected by an expanded polyglutamine stretch. Therefore, yeast clones expressing LexA -ATX2(Q22) 1 -396 /AD-end-A3 or LexA -ATX2(Q79) 1 -396 /AD-end-A3 were spotted onto selective media to analyze the activity of the reporter genes. No growth difference between yeast co-expressing LexA -ATX2(Q22) 1 -396 /AD-end-A3 and yeast co-expressing LexA -ATX2(Q79) 1 -396 /AD-end-A3 was observed (Fig. 1B,  left panel) . A significant difference in the relative activity of the LacZ reporter gene as analyzed by membrane-based or liquid b-galactosidase assays was also not detected (Fig. 1B , left and right panels). Thus, an expanded polyglutamine stretch in ATX2 did not appear to affect the interaction with endophilin-A3 in the yeast-two-hybrid system.
Endophilin-A3 belongs to a unique SH3 protein family that includes the two highly homologous paralogs endophilin-A1 (SH3GL2, SH3P4, CNSA2) and endophilin-A2 (SH3GL1, SH3P8, CNSA1) (28) . Therefore, we investigated in a directed yeast-two-hybrid analysis whether these proteins also associate with ATX2. We discovered that yeast cells co-expressing the fusion proteins LexA -ATX2 481 -815 and AD-end-A1 exhibited activity of all three reporter genes indicating a potential interaction (Fig. 1C) , whereas in yeast cells co-expressing LexA -ATX2(Q22) 1 -396 and AD-end-A1 no activity of the reporter genes was observed. This indicates that endophilin-A1 associates with the central ATX2 region (amino acids 481-815) but not with the N-terminal region (amino acids 1-396) which contains the polyglutamine stretch. No activity of the reporter genes was observed in yeast cells co-expressing the ATX2 fragments with AD-end-A2 or the control prey protein AD-BIN1 (amphiphysin II, SH3P9, AMPHL), which has a high similarity to endophilin proteins (29) . In summary, these results indicate that ATX2 interacts with two members of the endophilin family, endophilin-A1 and endophilin-A3, but not with endophilin-A2. This is fairly interesting in the light that, in particular, the SH3 domains of endophilin-A1 and endophilin-A3 have a closer homology to each other than to endophilin-A2 (28) . The sequence identities of the respective SH3 domains are 90% for endophilin-A1/A3 in contrast to 83% and 79% for endophilin-A1/A2 and endophilin-A2/A3, respectively. In comparison, all full-length sequence identities are very similar with 68% for endophilin-A1/A3 and 71% and 67% for endophilin-A1/A2 and endophilin-A2/A3, respectively. 1 -396 and AD-end-A3 or LexA-ATX2(Q79) 1 -396 and AD-end-A3 were analyzed for activity of the reporter genes on selective SD medium and by a membrane-based b-galactosidase assay. As controls, yeast was transformed with the respective ATX2 bait vector and the empty prey vector. Right panel: liquid b-galactosidase assay. Yeast cells co-expressing proteins AD-end-A3 together with LexA, LexA-ATX2(Q22) 1 -396 , LexA-ATX2(Q79) 1 -396 , LexA-ATX2 481 -815 or LexA-ATX2 816 -1312 were tested for the relative b-galactosidase activity. For the calculation of the standard deviation, four yeast clones of each transformation were used for measurements, and the Nalimov method was applied to exclude statistical outliers. (C) Left panel: directed yeast-two-hybrid analysis. Yeast was co-transformed with plasmids encoding LexA-ATX2(Q22) 1 -396 or LexA-ATX2 481 -815 and the relevant prey plasmids encoding fusion proteins AD-end-A1, AD-end-A2 or AD-BIN1. The respective transformants were tested for activation of the three reporter genes. Right panel: liquid b-galactosidase assay was performed as described earlier.
Finally, to corroborate our results from the yeast-two-hybrid analyses, we investigated whether the interaction between ATX2 and endophilin-A1 or endophilin-A3 occurs in mammalian cells. Therefore, we transiently transfected COS-1 cells with expression plasmids encoding the respective cMYC-tagged ATX2 regions, cMYC-ATX2(Q22) 1 -396 or cMYC-ATX2 481 -815 and FLAG-tagged full-length endophilin-A1
(FLAG-end-A1) or endophilin-A3 (FLAG-end-A3). Our co-immunoprecipitation experiments demonstrated that FLAG-end-A3 precipitated with cMYC-ATX2(Q22) 1 -396 protein using an antibody directed against the cMYC-tag ( Fig. 2A, left panel) . In addition, FLAG-end-A1 and FLAG-end-A3 were precipitated with cMYC-ATX2 481 -815 protein ( Fig. 2A, right panel) . No endophilin proteins were precipitated in control lysates.
In addition, co-localization studies staining endogenous proteins in HEK293 and SH-SY5Y cells showed that both endophilin proteins and ATX2 are present in the cytoplasm (Fig. 2B) . Besides, ATX2 and endophilin-A1 or endophilin-A3 do co-localize to some extent in the axons of differentiated SH-SY5Y cells (Fig. 2B (i-k) and (t -v)).
Interaction between ATX2 and the endophilin proteins depends on their SH3 domains and two specific proline-rich binding motifs within ATX2
To further characterize the interaction between ATX2 and the endophilin proteins, we wanted to identify the regions responsible for binding. Endophilin proteins are composed of an N-terminal BAR domain and a C-terminal SH3 domain that commonly binds proline-rich regions within proteins (Fig. 3A , left panel) (30) . First, we analyzed whether the interaction between ATX2 and both endophilin proteins depends on the C-terminal SH3 domain. Yeast-two-hybrid constructs encoding the fusion proteins AD-end-A1 or AD-end-A3 (31) without the SH3 domain were co-expressed with LexA -ATX2(Q22) 1 -396 or LexA -ATX2 481 -815 , and the activity of the three reporter genes URA3, HIS3 and LacZ was monitored (Fig. 3A , right panel). We observed that in yeast cells co-expressing LexA -ATX2(Q22) 1 -396 or LexA -ATX2 481 -815 with AD-end-A1 or AD-end-A3 lacking the SH3 domain, transcription of the reporter genes did not occur. Thus, the C-terminal SH3 domain of endophilin-A1 and endophilin-A3 is required for the interaction with ATX2.
Secondly, because proline-rich protein regions that adopt a helical polyproline type II conformation are accountable for binding the SH3 domain of the different endophilin proteins (30, 32) , we searched for such regions within ATX2 using bioinformatics methods. Both methods, iSPOT and Scansite, consistently detected two potential SH3 binding motifs (SBM1 and SBM2) for SH3 domain proteins including endophilins (Fig. 3B ). Both SH3 binding sites received top-ranked confidence scores that indicate a very high reliability for functional relevance: 0.86/0.92 from iSPOT (best 1.0, worst 0.0) and 0.40/0.36 from Scansite (best 0.0, worst þ1) for SBM1/SBM2. In addition, the ELM online service reported that SBM1 and SBM2 are the only two SH3 binding peptides in ATX2, which belong to class II characterized by the consensus motif PxxPxR/S (33). This class commonly contains proline-rich peptides that are experimentally observed to bind SH3 domains of endophilins (30, 33) . Further analyses revealed that SBM1 of human ATX2 is strongly conserved in mouse ATX2, and SBM2 is even the same in human and mouse orthologs (Fig. 3C) . Prolines that are generally essential for class II SH3 domain binding peptides are mostly identical Lysates of COS-1 cells overexpressing FLAG-tagged endophilin-A1 or FLAG-tagged endophilin-A3 were incubated with purified GST or with fusion proteins GST-SBM1 or GST-SBM2 and cross-linked. Co-immunoprecipitation experiments were performed using a a-FLAG antibody. Precipitates and lysates were analyzed by immunoblotting using an a-GST antibody or an antibody directed against the FLAG-tag. in human and mouse ATX2. Interestingly, SBM2 lies within a sequence region that contains similar sequence repeats ( Fig. 3D ) and is missing in two observed splice variants of mouse ATX2 (34) . Because ATX2, as well as ataxin-2-like/ related paralogs consist of mainly unstructured regions (35) containing many proline-rich sequence stretches, additional protein interactions with ATX2 may be mediated by domains recognizing such peptides (32, 36) . For instance, the ATX2 paralog ATX2L contains a proline-rich motif similar to that of SBM2 (Fig. 3C ). SBM1 is located near the polyglutamine stretch, whereas SBM2 lies in the middle region of ATX2 subsequent to the Lsm and LsmAD domains, but before the PABP-interacting motif PAM2 (Fig. 3B) (37) . Noticeably, the sequence motifs SBM1 and SBM2 are part of the ATX2 regions that have been initially identified in our yeast-two-hybrid screen (Figs 1A and 3B). To experimentally verify the requirement of these motifs for binding, we have generated constructs that encode fusion proteins lacking the relevant regions, termed LexA-ATX2(Q22) 1 -396 DSBM1 and LexA-ATX2 532 -815 DSBM2 (Fig.  3E ). The yeast-two-hybrid analysis showed that yeast cells co-expressing LexA-ATX2(Q22) 1 -396 DSBM1/AD-end-A3, LexA -ATX2 532 -815 DSBM2/AD-end-A3 or LexA -ATX2 532 -815 DSBM2/AD-end-A1 did not exhibit activity of the reporter genes demonstrating that SBM1 and SBM2 binding motifs are essential for the interaction with the SH3 domain in endophilin-A1 and endophilin-A3.
Furthermore, we confirmed that both sequence motifs are responsible for the interaction performing an in vitro binding assay. To this end, expression plasmids encoding glutathione S-transferase (GST) fusion proteins for SBM1 and SBM2 were generated separately and proteins were purified. Subsequently, pure GST, GST -SBM1 and GST -SBM2 proteins were incubated with the identical lysate of COS-1 cells containing either recombinant FLAG-tagged endophilin-A1 or FLAG-tagged endophilin-A3. After cross-linking, the different lysate samples were incubated with an antibody directed against the FLAG-tag and co-immunoprecipitation experiments were performed. Precipitates were visualized by immunoblotting using an antibody directed against GST. As shown in Figure 3F , both proteins GST -SBM1 and GST -SBM2 were precipitated with an antibody directed against the FLAG-tag, demonstrating that these binding motifs are important for the interaction of ATX2 and endophilin-A3. Additionally, GST -SBM2 protein was precipitated with an antibody directed against FLAG-tagged endophilin-A1.
Thus, these findings demonstrate that both motifs, SBM1 and SBM2, of ATX2 bind to endophilin proteins. However, we also observed that a minimal amount of GST-SBM1 was precipitated with endophilin-A1 protein. This finding seems to contrast our yeast-two-hybrid results (Fig. 1C, left panel) , because an interaction between the N-terminal region of ATX2 (containing SBM1) and endophilin-A1 has not been detected. However, the precipitation of a small amount of SBM1 with endophilin-A1 from mammalian cell lysate could be based on complex formation of endophilin proteins, because homodimer as well as heterodimer formation has been observed for endophilin-A1 and endophilin-A2 proteins (38) . Therefore, we investigated whether endophilin-A3 protein also interacts with the other endophilin-A members by applying a directed yeast-two-hybrid analysis. Yeast cells co-expressing LexA-end-A1/AD-end-A1, LexA-end-A1/AD-end-A2 or LexA-end-A1/AD-end-A3 exhibited growth on selective media indicating activation of the reporter genes (Fig. 4A) . Furthermore, transcription of reporter genes was also observed in yeast expressing LexA-end-A2 or LexA-end-A3 in combination with AD-end-A1, AD-end-A2 and AD-end-A3. Thus, our yeast-two-hybrid analysis clearly showed that endophilin-A proteins interact with each other.
To confirm these observations in another experimental system, we investigated the interplay of endophilin proteins in mammalian cells performing co-immunoprecipitation experiments. COS-1 cells have been transiently transfected with constructs encoding the different endophilin proteins in a HA-or FLAG-tagged version. After incubating the cells for 3 days at 378C to allow expression of proteins, cell lysates were prepared. Then, the cell extracts were mixed and incubated for 1 h at 48C to allow the formation of homologous and heterologous endophilin complexes. Subsequently, co-immunoprecipitation experiments were performed as described in Materials and Methods. As Figure 4B shows, FLAG-end-A1 was precipitated from a lysate mixture containing HA-end-A1 using an antibody directed against the HA-tag (b), demonstrating the formation of a homologous complex as reported earlier (38) . In addition, HA-end-A3 was precipitated from a lysate mixture containing FLAG-end-A1 protein using an antibody directed against the FLAG-tag (Fig. 4B(c) ), indicating that a heterologous complex between endophilin-A3 and endophilin-A1 assembles in mammalian cells. We also showed that FLAG-end-A2 and FLAG-end-A3 was precipitated from a lysate mixture containing HA-end-A3 using an antibody directed against the HA-tag (Fig. 4B(d and e) ). Thus, our results demonstrate that endophilin-A proteins form complexes with each other in mammalian cells.
ATX2 and huntingtin compete for binding to endophilin-A3 in the yeast-two-hybrid system
After characterizing the interaction between ATX2 and the endophilin proteins, we investigated the physiological significance of this interaction. Intriguingly, previous studies demonstrated that endophilin-A3 interacts with the huntingtin exon 1 (httex1) protein (31), another polyglutamine protein, in which an expansion of the polyglutamine stretch causes Huntington's disease (39) . Equivalent to our results, the interaction between httex1 and endophilin-A3 depends on the C-terminal SH3 domain of endophilin-A3 and a proline-rich region within the first exon of huntingtin, which is close to the polyglutamine stretch. This proline-rich region is essential because its loss prevents interaction between endophilin-A3 and httex1 (31) . Accordingly, we examined whether interplay takes place between these three proteins, because this could provide valuable information about the cellular context ATX2 is involved in. For this purpose, we decided to explore at first whether ATX2 and httex1 do compete for binding to endophilin-A3. Recently, we have generated a yeast-two-hybrid strain, namely L40KMX, that can be utilized to investigate competitive effects between proteins in vivo (Supplementary Material, Table S3 ) (40) . In this approach, competitive effects between proteins are indicated by a reduction in the relative activity of the LacZ reporter gene. We have generated plasmid p426-HD1(Q25) to overexpress httex1 in the presence of the bait protein LexA -ATX2(Q22) 1 -396 and the prey protein AD-end-A3 in yeast. As controls, we used the empty plasmid p426GPD and the plasmid p426-GFP encoding the green fluorescent protein. Yeast cells expressing the relevant proteins were grown until logarithmic phase, and a liquid b-galactosidase assay was performed to analyze the relative activity of the LacZ reporter gene. We discovered that yeast cells co-expressing LexA -ATX2(Q22) 1 -396 and AD-end-A3 show a significant reduction of the LacZ reporter gene activity in the presence of overexpressed httex1. In contrast, no reduction of LacZ activity was observed in yeast cells expressing the unrelated green fluorescent protein or containing the empty vector (Fig. 5A, left panel) . Moreover, a competitive effect of httex1 was also detected in yeast expressing LexA -ATX2(Q79) 1 -396 and AD-end-A3 (Fig. 5A, right  panel) . A substantial difference in the competitive effects between ATX2(Q22) and ATX2(Q79) was not observed, supporting our earlier observation that the interaction between ATX2 and endophilin-A3 appeared not to be affected by the length of the polyglutamine stretch (Fig. 1B, right panel) . To exclude the possibility that the reduction of LacZ reporter gene activity is not due to reduced expression levels of the respective bait and prey proteins, we analyzed their intracellular levels by immunoblotting (Fig. 5B) . When compared with the controls, no reduction in expression levels of bait and prey proteins was detected in cells overexpressing httex1. Thus, interplay of huntingtin and ATX2 for binding endophilin-A3 occurs in yeast.
Overexpression of ATX2, endophilin proteins or huntingtin leads to toxic effects in Dsac6 yeast It has been described that endophilin proteins as well as huntingtin play important roles in endocytic vesicle formation or actin filament formation (29, 30, 38, (41) (42) (43) (44) (45) . Valuable insights into these processes have been obtained for the huntingtin protein using yeast as a model (46, 47) . To learn more about a potential function of ATX2 within this cellular context, we have screened an assortment of 114 yeast strains deleted for genes involved in these processes for a potential toxic effect Table S4 ). Selected deletion strains were transformed with plasmids encoding full-length ATX2 with 22 or 79 consecutive glutamines, placed under the control of a galactoseinducible promoter. As control, the empty vector p423GALL was used. Subsequently, transformants were grown on plates containing raffinose as carbon source and afterwards, transferred to the respective medium plates containing galactose for induction of ATX2. Growth of the various yeast strains on galactose plates was analyzed, and strains that showed reduced growth when compared with the empty plasmid have been selected for further analysis. To validate the observed growth defect, the respective strains were transformed with the corresponding plasmids yet again. Next, transformants were grown overnight in raffinose-containing medium and spotted in 5-fold serial dilutions onto galactose plates for induction of ATX2 proteins. From the 114 yeast deletion strains investigated, the most prominent toxic effect of ATX2 expression was observed in yeast lacking the SAC6 gene, which encodes the yeast protein fimbrin (Fig. 6A, left  panel) . Both, expression of ATX2 with 22 or 79 consecutive glutamines led to reduced growth of Dsac6 yeast on galactose plates demonstrating that the observed toxic effects are independent of the length of the glutamine stretch in ATX2. This toxic effect was neither observed on glucose plates (no expression of ATX2) nor led ATX2 expression to reduced growth in the wild-type yeast strain BY4741.
To verify that the observations made are specific due to SAC6 gene deletion and not an artificial phenomenon, we expressed the two human functional orthologs of yeast fimbrin, termed L-and T-plastin, in the presence of ATX2 in the Dsac6 yeast strain; both proteins have been shown to complement the defects in cytoskeletal organization and cell morphology of Dsac6 yeast cells (48) . We have amplified the full coding sequence of L-and T-plastin from a human fetal brain cDNA library (Clontech) and subcloned the respective DNA fragments into the low-copy plasmid p416GPD (49) . As shown in Figure 6A (right panel), constitutive expression of both human plastin proteins diminished the toxic effect caused by expression of ATX2 with 22 or 79 glutamines confirming that the observed toxicity of ATX2 is indeed caused by loss of the yeast fimbrin protein.
In addition, we have included the endophilin proteins and huntingtin in our analysis. Therefore, Dsac6 yeast cells have been transformed with galactose-inducible plasmids encoding endophilin-A1, endophilin-A3 or httex1 with 25 consecutive glutamines. We discovered that expression of both endophilin proteins led to almost lethal effects in Dsac6 yeast (Fig. 6B , left panel), whereas expression of httex1 caused a milder, but significant growth defect (Fig. 6C, left panel) . Similarly, co-expression of human L-or T-plastin lessened the observed toxic effects caused by expression of endophilin-A1, endophilin-A3 or httex1 (Fig. 6B and C, right panels) . To exclude that the observed effects in this strain background are not simply caused due to a protein's overexpression, we included the unrelated green fluorescent protein as control; no reduced growth of the respective yeast clones were observed (data not shown). Thus, endophilin proteins, huntingtin and ATX2 appear to be implicated in related cellular pathways.
ATX2 forms complexes with L-and T-plastin in mammalian cells and its overexpression leads to cytoplasmic accumulation of human T-plastin
To substantiate the relevance of the interplay between ATX2, endophilins and huntingtin in a related pathway, we explored if the genetic relationship may point to a direct physical interaction or cellular complex formation. In the first step, we investigated whether a physical interaction between ATX2, the endophilin proteins or huntingtin and L-or T-plastin occurs in the yeast-two-hybrid system. Therefore, strain L40ccua was transformed with the various bait and prey plasmids encoding different ATX2 regions, endophilin-A1, endophilin-A3 or httex1 as well as different regions of L-and T-plastin. However, a direct interaction between ATX2, endophilin proteins or httex1 and L-or T-plastin was not observed under the chosen experimental yeast-two-hybrid conditions (data not shown). Nonetheless, we performed co-immunoprecipitation experiments to investigate whether an association of these proteins occurs in mammals. Using mouse brain lysate, ATX2 was precipitated applying antibodies directed against L-and T-plastin indicating complex formation of ATX2 with both plastin isoforms (Fig. 7A ). Additionally, we were able to confirm this result by performing co-immunoprecipitation using COS-1 cells co-expressing recombinant full-length HA-tagged ATX2 and FLAG-tagged L-or T-plastin, using an antibody directed against the FLAG tag (data not shown). Next, we have performed immuofluorescence microscopy for ATX2 and the two plastin isoforms in mammalian cell lines. HEK293T or SH-SY5Y cells were fixed and stained with antibodies directed against ATX2 and L-plastin or ATX2 and T-plastin (Fig. 7B) . We discovered that ATX2 and the plastin isoforms are located in the cytoplasm of mammalian cells, and co-localize in the perinuclear area. This supports that cytoplasmic complexes comprising ATX2 and plastin proteins are formed in mammalian cells.
Intriguingly, we observed that overexpression of ATX2 with a stretch of 22 or 79 glutamines causes a strong cytoplasmic accumulation of endogenous T-plastin in mammalian cell lines as analyzed by confocal immunoflourescence microscopy ( Fig. 8A(a and c) ). However, no change of the endogenous L-plastin level was detected in the respective cell lines overexpressing ATX2 (Fig. 8A(b and d) ). Increased T-plastin levels have been also observed in COS-1 cells overexpressing ATX2. Here, a quantitative analysis has been performed and showed indeed an increase of T-plastin immunoreactivity in ATX2-transfected cells when compared with that in nontransfected cells (Fig. 8B(a and b) ); no increase in L-plastin immunoreactivity was detected (Fig. 8B(c and d) ). Finally, we investigated whether overexpression of either endophilin proteins or httex1 had an effect on endogenous L-and T-plastin immunoreactivity. However, we observed no alterations of endogenous L-and T-plastin levels in mammalian cells overexpressing these proteins (data not shown), indicating that the effect of ATX2 overexpression on the cellular T-plastin concentration is specific. Thus, these results confirm yet again a cellular interplay between ATX2 and plastin proteins. 
DISCUSSION
In this study, we have identified and established a link between ATX2 and two members of the endophilin family, endophilin-A1 and endophilin-A3. Members of the endophilin-A family are evolutionarily conserved, paralogous proteins comprising two major domains, an N-terminal BAR-domain and a C-terminal Src homology-3 (SH3) domain, the latter of which represents one of the most common domains in eukaryotic organisms. The cellular function of the BAR domain still needs to be clarified, but it has been recently proposed that the BAR domain generally functions as dimerization motif and may induce membrane curvature or associate with small GTPases (50) . In contrast, the SH3 domain is usually responsible for driving proteinprotein interactions through its binding to proline-rich peptides (33) . An involvement of the endophilin-A proteins in various cellular processes has been suggested partly because of their different expression pattern as well as their interplay with different cellular factors. Endophilin-A2 is ubiquitously expressed, whereas endophilin-A1 is preferentially expressed in the brain, and endophilin-A3 is predominantly detected in brain and testis (28, 38, (51) (52) (53) . Owing to the association of endophilin-A proteins with amphiphysin I and II (42) , dynamin or synaptojanin I (52,54), a role in clathrin-mediated endocytosis has been proposed, hence, their exact role remains to be studied in detail. Functionality of endophilin proteins in late endocytosis steps has been demonstrated (51, 55) . Endophilin-A1 is a multifunctional protein found in association with signaling molecules and its overexpression leads to JNK pathway activation, which points to an important role in cell cycle regulation (45, 56) . Localization of endophilin-A2 to specific actin scaffolds has been observed (57) . Furthermore, endophilin-A3 does co-localize to some extent with actin filaments; however, it is associated to a greater extent with microtubules in a dynamic manner, suggesting a function in transport processes (41) . Therefore, it has been proposed that endophilin-A proteins may represent adaptor proteins that coordinate and link other cellular events such as actin function and signaling cascades to endocytotic pathways (45) .
Remarkably, endophilin-A3 has been reported to interact with the polyglutamine protein huntingtin (31) . Interaction between both proteins depends on the SH3 domain and the proline-rich region following the polyglutamine region in exon 1 of huntingtin (31, 58) . In our study, we have characterized the interaction between ATX2 and both endophilin-A1 and endophilin-A3. We have demonstrated that the interaction of the proteins depends on the SH3 domain in endophilin-A1 and endophilin-A3 and the two SH3 binding motifs, SBM1 and SBM2, in ATX2. Endophilin-A3 binds to both binding motifs, whereas endophilin-A1 associates only with the C-terminal one, SBM2. However, we have demonstrated that endophilin-A3 interacts with endophilin-A1 and endophilin-A2 in yeast and forms homologous and heterologous complexes in mammalian cells.
Furthermore, we have shown that the interaction between ATX2 and endophilin-A3 can be influenced by simultanous co-expression of huntingtin in yeast, suggesting an important interplay between these proteins in the cellular environment. Along this line, we have presented additional data, suggesting functionality of ATX2, endophilin proteins and huntingtin in plastin-associated pathways. We have discovered that the expression of ATX2, both endophilin-A proteins and huntingtin leads to toxicity in yeast cells lacking the SAC6 gene. The respective gene product, termed fimbrin, co-localizes with actin patches and actin cables and associates with actin structures that are implicated in the development and maintenance of cell polarity (59, 60) . Moreover, fimbrin functions in actin bundling in vitro and stabilizes actin filaments in vivo (59, 61) . Accordingly, yeast lacking fimbrin displays a decrease in actin filament assembly and is defective in endocytotic processes (61, 62) . Yeast fimbrin has two functional human homologs, termed L-and T-plastin, which show a significant sequence identity of 40% to yeast fimbrin, and can suppress the phenotype of Dsac6 yeast (48) . Here, we have demonstrated that the toxic effects of ATX2, endophilins and huntingtin observed in yeast are caused through a loss of fimbrin, because the simultaneous expression of human L-or T-plastin lessens the toxicity in either case.
Plastins belong to a family of highly conserved actin binding and bundling proteins and have been implicated in Figure 7 . L-plastin and T-plastin form complexes with ATX2 (A) Mouse brain was lysed and incubated with antibodies directed against a-L-plastin or a-T-plastin. Precipitates were analyzed by SDS-PAGE and immunoblotted using a-ATX2 antibody. (B) Endogenous levels of ATX2 and L-plastin or T-plastin were visualized using a-ATX2, a-L-plastin or a-T-plastin as indicated in HEK293T and SH-SY5Y cells. Nuclei were stained with Hoechst.
various cellular processes such as regulation of cell morphology, bacterial invasion and tumor progression (48,63 -67) . They are structurally composed of two actin-binding domains, four calponin-homology and two EF-hand calciumbinding domains (68) and are known to stabilize actin filament structures by their actin-bundling activity. This activity seems to be modulated differently by calcium concentration (69, 70) . The most characterized isoforms L-and T-plastin are differentially expressed and both play roles in actin filament organization in a cell type specific manner (67, 70) . Both proteins exhibit a different nucleocytoplasmic trafficking behavior (65) . Here, we have discovered an interaction of ATX2 with both L-and T-plastin in mouse brain, linking ATX2 to pathways that play a role in actin filament formation and organization. This finding is intriguing in the light of the Drosophila melanogaster ATX2 homolog (DATX2) that seems to be involved in regulating actin filament formation (71) . Both reduced activity and overexpression of wild-type DATX2 lead to severe phenotypes in flies, presumably resulting from alterations in actin filament formation and organization. Because neither changes in intracellular concentration of actin nor an interaction of DATX2 with actin was observed, it has been suggested that DATX2 acts on translation stability or localization of transcripts encoding mediators of actin polymerization (71) . Noticeably, we have discovered that overexpression of ATX2 in mammalian cells leads to an increased immunoreactivity of T-plastin, whereas L-plastin levels were not altered; in cells overexpressing the endophilin proteins or httex1, no increase in immunoreactivity of T-plastin was detected. As reported previously, T-plastin decreases the disassembly rate and inhibits cofilin-mediated depolymerization of actin filaments in vitro and is involved in controlling actin turnover as well as the length of actin filaments in structures in vivo (66) . Therefore, it is very likely that higher concentrations of T-plastin prevent actin turnover by abnormal cross-link formation and filament stabilization, causing alterations in actin dynamics. Nevertheless, the effect of a high T-plastin level could be indirect because interference with other actin-binding proteins or other essential cellular proteins could occur. Interestingly, abnormal expression of T-plastin has been observed in many carcinomas (72 -74) . In addition, increased levels of T-plastin have been observed in CHO cells after DNA damage (75) and correlated with the differentiating potential of cytotrophoblast and syncytiotrophoblast cells during placental development (76) . Along these lines, overexpression of fimbrin in the yeast Saccharomyces cerevisiae leads to a severe phenotype that might be caused by a less dynamic actin cytoskeleton due to hyperstabilization (77) . In fission yeast, the fimbrin-like protein Fim1 that is a component of both F-actin patches and F-actin rings seems to play a role in the stabilization of F-actin patches and could function together with other proteins in cytokinesis (78) .
The proteins causing polyglutamine disorders show no structural similarities and evolutionary relationships except the glutamine stretch. However, a functional role of polyglutamine proteins in a common or related pathway has often been discussed and searched in the past (12, 79, 80) . Here, we have provided evidence that ATX2 and huntingtin are functionally connected through an interaction with endophilin-A complexes. Interestingly, Ringstad et al. (38) have initially described that homodimer formation of endophilin-A1 as well as heterodimer formation of endophilin-A1 and endophilin-A2 occurs. In this work, we have demonstrated that endophilin-A3 interacts with the other two members as shown by yeast-two-hybrid studies as well as by mammalian cell culture experiments, supportive of a complex cellular interplay of endophilin proteins.
Clearly, additional work is required to understand the exact functional role of ATX2 and huntingtin in the cellular pathways discovered here. First, it would be interesting to analyze whether and how other polyglutamine proteins are involved in endophilin-associated pathways. For instance, ataxin-7 interacts through its proline-rich regions after the polyglutamine stretch with SH3 domains of a Cbl-associated protein (CAP, pontin, SORBS1, SH3P12) (81) . This SH3 domain protein may also bind huntingtin (82) and belongs to a novel family of adaptors including ArgBP2 and vinexins that regulate cytoskeletal organization and signal transduction as well (83) . Therefore, it might also be worthwhile to test ataxin-7 for association with endophilins. Moreover, it would be valuable to explore members of the endophilin-B family for a functional interplay with the polyglutamine proteins, because endophilin-B1, which itself binds amphiphysins, dynamin and synaptojanin like the endophilin-A proteins, interacts with huntingtin (84) .
Secondly, we demonstrated that ATX2 associates with both plastin forms. Interestingly, proteomics-based results show that T-plastin and PABP as well as their corresponding yeast homologs fimbrin and Pab1 have been observed to be contained together in large protein complexes of 216 subunits and 39 subunits mainly consisting of proteins involved in RNA processing (85, 86) . This observation is quite remarkable in the light that ATX2 directly interacts with the cytoplasmic PABP (25) . Therefore, future investigations should focus on the functional relationship of T-plastin and PABP with regard to RNA metabolism.
Finally, it is noteworthy that alterations of intracellular ATX2 as well as plastin levels have been observed in various disorders. As mentioned earlier, plastin levels are modified in certain carcinomas, hence, the impact on cellular level remains to be elucidated. Increased cellular concentration of ATX2 has been implicated in the progression of neuroblastomas of children (87) . Most strikingly, enhanced levels of ATX2 have been observed in Purkinje cells of humans with age, as well as in Purkinje cells of SCA2 patients (18, 21) . In the future, elucidating the consequences of increased expression levels of ATX2 for the cellular network will provide valuable informations about the pathways that might contribute to SCA2 pathogenesis and, additionally, to cancer. Morphological changes of Purkinje cells that could be based on disturbances in actin metabolism have been observed in the mouse SCA2 disease model (19) . Our findings might also help to discover molecular mechanisms contributing to Huntington's disease, because both polyglutamine proteins, ATX2 and huntingtin, function in related pathways.
MATERIALS AND METHODS
Plasmids
Plasmid constructions are described in Supplementary Material, Tables S1 and S2.
Antibodies
The following antibodies were used in our immunoblot analyses in the indicated dilutions: mouse a-FLAG (1:5000, Sigma), rabbit a-FLAG (1:5000, Sigma), mouse a-HA (1:5000, Roche), rabbit a-cMYC (1:4000, Sigma), mouse a-ATX2 (1:400, BD Biosciences), polyclonal rabbit serum directed against LexA (1:5000) (40), rabbit a-Gal4AD (1:1000, Sigma) or rabbit a-GST (1:5000, Zymed).
Yeast strains, cultivation and lysate preparation
The yeast strains used in this study are listed in Supplementary Material, Tables S3 and S4 . For cultivation, yeast strains L40ccua, L40cca and BY4741 were grown in rich medium (YPD) supplemented with 2 % glucose. Strain L40KMX and the respective yeast deletion strains were incubated in YPD medium supplemented with 200 mg/ml G418 sulfate (Gibco) and 2% glucose. Transformation of yeast strains was performed by the lithium acetate method (88) . For preparation of yeast lysates, single yeast clones were incubated overnight at 308C, subsequently transferred into fresh media and grown until logarithmic phase. After centrifugation of the same number of yeast cells, the cell pellets were resuspended in ice-cold ethanol. About 200 ml glass beads (425 -600 mm, Sigma) were added, samples were intensively shaken for 5 min at 48C and the supernatants were collected. This procedure was repeated for three times. Proteins were precipitated for 60 min at 2208C. After centrifugation, precipitates were resuspended in phosphate-buffered saline (PBS) containing 1 mM phenylmethansulfonylfluorid (Sigma). The total protein concentration was determined using a Bradford assay (BioRad). Then, 50 mg of each sample was heated in Laemmli buffer for 5 min at 958C and separated by SDS -PAGE. Proteins were transferred to nitrocellulose membranes (Schleicher and Schuell) using a PerfectBlue semidry electroblotter (PeqLAB). Subsequently, membranes were blocked in 5% milk solution for 1 h at room temperature or overnight at 48C. Afterwards, membranes were incubated with the primary antibodies a-LexA or a-Gal4AD for 1 h, washed in PBS and incubated with peroxidase-conjugated secondary antibodies (1:5000, Sigma). To visualize the proteins, the membranes were incubated with 'western-lightning' solution (Perkin Elmer) and exposed to a BioMax XAR film (Kodak).
Yeast-two-hybrid analysis
Strain L40ccua was co-transformed with plasmids pGAD and pBTM-ATX2-NT(Q22), pGAD and pBTM-ATX2-FB, pGAD and pBTM-ATX2-FC or pGAD and pBTM-ATX2-FD to exclude that LexA -ATX2 proteins can activate the three reporter genes URA3, HIS3 and LacZ per se in yeast. Afterwards, the respective transformants were tested for autoactivation of the reporter genes by transferring selected yeast clones on SD media lacking tryptophan, leucine, histidine and uracil or on nylon membranes [Micron Separation Inc., (MSI)] for analyzing LacZ activity. Plates were incubated for 48 -72 h at 308C, and growth of yeast on selective media was analyzed. For testing the LacZ reporter gene activity, yeast cells were lysed in liquid nitrogen. Hereafter, membranes were incubated on Whatman paper saturated with X-Gal buffer [phosphate buffer (pH 7.0), 0.15% X-Gal, 10 mM dithiothreitol (DTT)] for up to 4 -6 h at 378C, and yeast clones were analyzed for color shift. In addition, we would like to point out that our directed yeast-two-hybrid studies were performed in the same way.
For the yeast-two-hybrid analyses, we have performed a mating approach applying a yeast-two-hybrid-array consisting of 5760 prey clones based on yeast strain L40cca (Stelzl et al., Cell, in press, doi:10.1016/S0092867405008664). The relevant bait yeast strains have been generated by transforming plasmid pBTM-ATX2-NT(Q22), pBTM-ATX2-FC or pBTM-ATX2-FD into yeast strain L40ccua. Each of the bait strains was mated with the yeast-two-hybrid-array on YPD media. After mating, yeast was spotted onto media lacking tryptophan and leucine for selection of diploid yeast clones. Subsequently, yeast clones were tested for the activity of the reporter genes HIS3 and LacZ by spotting yeast clones onto the respective SD media lacking tryptophan, leucine and histidine. For testing LacZ activity, yeast clones were spotted onto nylon membranes (MSI). After incubating the plates for 2 -3 days at 308C, growth of yeast on the respective SD media was analyzed, and activity of the LacZ reporter gene was determined as described earlier. Yeast clones that showed activation of both reporter genes indicative of a potential protein-protein interaction were selected. To verify the observed protein-protein interaction, mating of the corresponding bait and prey pair was performed yet again. Additionally, strain L40ccua was co-transformed with plasmids encoding the respective lexA -ATX2 protein as well as the relevant prey protein to verify the observed interaction in an independent experiment as described earlier. For measuring the relative activity of the LacZ reporter gene, a liquid b-galactosidase assay was carried out as described earlier (40) .
Cell culture
COS-1, HEK 293, HEK293T and SH-SY5Y cells were grown in a humidified 5% CO 2 atmosphere at 378C in Dulbecco's modified Eagle medium (DMEM, Gibco) supplemented with 5% heat inactivated fetal bovine serum (Biochrom), 50 U/ml penicillin (Biochrom) and 50 mg/ml streptomycin (Biochrom). For differentiation of SH-SY5Y cells, DMEM was supplemented with 20 ng/ml nerve growth factor (Invitrogen). Transfection was performed using Polyfect (Qiagen) as recommended by the manufacturer.
Co-immunoprecipitation
COS-1 cells were transfected with the respective plasmids and incubated for 48 h at 378C to allow expression of recombinant proteins. Afterwards, cells were washed in PBS and incubated for 30 min on ice in lysis buffer (50 mM Tris -HCl, 100 mM NaCl, 5 mM MgCl 2 , 0.5% NP-40, 1 mM EDTA, pH 8.8, 25 U/ml benzonase (Merck) and 2.5% protease inhibitors ('complete' tablets, Roche). Protein concentration of lysates was determined by a Bradford assay (Bio-Rad). About 100 -130 mg of each cell lysate was incubated with 1 ml of mouse a-HA antibody (Roche), 1 ml of rabbit a-FLAG antibody (Sigma) or 1 ml of rabbit a-cMYC antibody (Sigma) for 2 -3 h at 48C on a rotating wheel. Afterwards, 15 ml IgGconjugated Dynabeads M-280 (Dynal) were added to each lysate, and samples were incubated for 3 h at 48C on a rotating wheel. Dynabeads were pulled down magnetically, and beads were washed three times in PBS containing 3% bovine serum albumin (BSA) (Sigma) and finally in PBS. Bound protein was eluted from Dynabeads by heating samples in Laemmli buffer for 5 min at 958C and subsequently analyzed by immunoblotting as described.
Mouse brain extract from a 6-month-old female NMRI mouse was prepared from one whole brain, which was homogenized in 2 ml extraction buffer [50 mM HEPES -KOH (pH 7), 150 mM NaCl, 10% glycerol, 1% NP-40, 1 mM EGTA (pH 7), 20 mM NaF, 1 mM DTT, 1.5 mM MgCl 2 , one tablet of EDTA-free complete protease inhibitor (Roche) per 10 ml extraction buffer] on ice. After centrifugation, the supernatant fraction was collected. One milligram of brain extract was incubated with 1.5 ml a-L-plastin or a-T-plastin and incubated for 5 h on a rotating wheel at 48C. Afterwards, 30 ml of M-280 Dynabeads (Dynal) were added and incubation was carried out overnight at 48C. The following steps were performed as described earlier.
In silico approach for predicting binding motifs
To determine the positions of binding sites for SH3 domain proteins in ATX2 and ATX2L, we applied the bioinformatics methods ELM (89), iSPOT (90) and Scansite (91) , which are available online. UniProt accession numbers of sequences used are Q99700 and O70305 for human and mouse ATX2, Q8WWM7 and Q7TQH0 for human and mouse ATX2L and Q99962/Q99961/Q99963 for endophilin-A1/A2/A3.
Cross-link assay
Expression plasmids pGEX-SBM1 as well as pGEX-SBM2 encoding the predicted ATX2-endophilin binding motifs fused to the GST protein were created as described in Plasmids, Supplementary Material, and transformed in Escherichia coli strain SCS1. Expression of pure GST protein and GST fusion proteins was induced by adding 1 mM isopropylbeta-D-thiogalactopyranoside (IPTG, Sigma) to the relevant E. coli cultures. Cultures were incubated overnight at 158C, and pure GST and GST fusion proteins were purified using glutathione -Sepharose (BD Bioscience). One microgram of each purified GST protein was incubated with 100 mg total cell lysate that has been derived either from COS-1 cells that have been transiently transfected with expression plasmids pTL-Flag-end-A1 or from pTL-Flag-end-A3. As mock control, cell lysate without additional GST-protein was used. After incubating the samples on a rotating wheel for 1 h at 48C, samples were cross-linked using dithio-bis-[succinimidylpropionate] (DSP, Pierce) as recommended by the manufacturer. Subsequently, 1 ml of mouse a-FLAG IgG was added, and samples were incubated for 30 min at 48C. Afterwards, 15 ml anti mouse-IgG antibodies coupled to Dynabeads were added, and the samples were incubated for 2 h at 48C on a rotating wheel. Dynabeads were washed three times in PBS containing 3% BSA and once in PBS. Bound protein was eluted from Dynabeads by heating samples in Laemmli buffer for 5 min at 958C and subsequently analyzed by immunoblotting as described.
Yeast deletion strain screen
One-hundred and fourteen yeast strains deleted for genes involved in endocytosis, vesicle transport and actin filament formation were selected from the yeast deletion strain library by database analysis using the S. cerevisiase genome database (92) (selected strains are listed in Supplementary Material, Table S4 ) and transformed with plasmids p423GALL, p423-ATX2(Q22) or p423-ATX2(Q79) for inducible expression of full-length ATX2 protein containing a stretch of 22 or 79 glutamines. Transformants were plated on minimal media lacking the amino acid histidine supplemented with 2% glucose, and plates were incubated for 3 days at 308C. Afterwards, single yeast colonies were selected and grown on selective media supplemented with 2% raffinose as carbon source. Freshly grown yeast clones were transferred onto media containing galactose as carbon source to induce the expression of ATX2 and incubated for 3 -5 days at 308C. Candidate strains that showed reduced growth in the presence of ATX2 protein were selected. To verify the observed toxicity of ATX2 in the respective yeast background, the candidate strains were transformed again with the corresponding yeast expression plasmids. Subsequently, single yeast colonies were incubated in liquid media supplemented with 2% raffinose until an OD 600 of 0.7 -1.0. Equal cell numbers of each culture was spotted as a 5-fold dilution series onto the respective selctive medium supplemented with 2% glucose or with 2% galactose as carbon source, and plates were incubated for 3-5 days at 308C.
Microscopic analysis
The respective mammalian cell lines described earlier have been transfected and incubated for 48 h to allow expression of proteins. For endogenous localization studies, cells have been grown on glass slides for 24 h before cells were fixed with 4% paraformaldehyde for 15 min at room temperature. Then, cells were permeabilized with PBS/0.1% Triton X-100 and treated with PBS/3% BSA for 30 min. For double staining, cells were incubated with primary antibodies directed against ATX2 (1:200, BD Biosciences) and endophilin-A1 (1:100, Zytomed) or ATX2 and endophilin-A3 (1:100) (31) for 1 h at room temperature. For visualization of HA-tagged ATX2 proteins, cells were treated with an antibody directed against the HA-tag (1:400, Roche). The isoforms, L-and T-plastin, were stained with the polyclonal antibodies, a-L-plastin or a-T-plastin using a dilution of 1:200 (93) . Subsequently, cells were washed in PBS/0.1% Triton X-100 and incubated with the corresponding secondary antibodies, FITC-conjugated a-mouse IgG (1:400, Dianova) or Cy3-conjugated a-rabbit IgG (1 : 400, Dianova). Finally, cells were rinsed with PBS/0.1% Triton X-100, and nuclei were stained with Hoechst (bisBenzimide, Sigma). The glass slides were mounted with an antifade medium [1 mg/ml p-phenylendiamine (Sigma), 90% glycerol in PBS], and microscopic pictures were taken with an LSM510 fluorescense microscope (Zeiss).
For the quantification of L-and T-plastin immunoreactivity, COS-1 cells have been transiently transfected with plasmids encoding full-length HA-tagged ATX2 with 22 or 79 consecutive glutamines. Afterwards, cells were fixed and stained as described earlier. Then, at least 10 cytoplasmic regions from randomly chosen ATX2-transfected and non-transfected cells were selected and analyzed using the Axiovision software (Zeiss) for the intenstity of the Cy3 immunoreactivity.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
2906
Human Molecular Genetics, 2005, Vol. 14, No. 19
